Abstract: Glutamate is one of the major neurotrasmitters in mammalian brain and changes in its concentration have been associated with a number of neurological disorders, including neurodegenerative, cerebrovascular diseases and epilepsy. Moreover, recently a possible role for glutamatergic system dysfunction has been suggested also in the peripheral nervous system. This chapter will revise the current knowledge in the distribution of glutamate and of its receptors and transporters in the central nervous system.
THE GLUTAMATERGIC SYSTEM
The role of glutamatergic neurotransmission into the human brain has been established through a long research history brilliantly reviewed by Watkins and Jane [1] and it represents a fascinating sequence of milestones achieved through different, complementary approaches over more than 70 years. In fact, the presence of high concentrations of glutamate in brain was first recognized in the 1930s, although its role was at that time considered more in terms of energy metabolism, given the close association of the amino acid with the Krebs cycle. However, the observation that injection of glutamate into brain or carotid arteries produced convulsions suggested a role of glutamate also in electrophysiological processes and led to the speculation that glutamate could be a transmitter in the mammalian central nervous system (CNS). Despite this assumption was poorly supported, this original idea opened up the way for an increasing number of investigations. Actually, the identification of multiple excitatory amino acid receptors preceded the definitive establishment of synaptic function of glutamate. It was in 1968 when McLennan and co-workers [2] compared the effect of a glutamate analogue with glutamate itself and they observed different effects in different thalamic regions, suggesting that more than a single glutamate receptor could exist. A few years later it was demonstrated that large differences in the relative potencies of kainate (a 'glutamate analogue') and N-methyl-d-aspartate (NMDA, an 'aspartate analogue') on the Renshaw cells and different types of spinal interneurons could be evidenced, thus starting an extensive search for multiple glutamate receptors [3] .
Since these pioneering studies a huge amount of data have increased our knowledge of the glutamatergic system, although areas of uncertainty are still present. Glutamate (Fig. 1) is the major excitatory amino acid neurotransmitter in the CNS and a possible role has also been recently suggested in the peripheral nervous system, where the current knowledge on the topic is however definitely less complete.
In the human CNS, where glutamatergic transmission can now be directly investigated in vivo using single photon emission computed tomography (SPECT) or proton magnetic resonance spectroscopy, glutamate has been indicated as major player in both neurolasticity and excitotoxicity. In fact, glutamate participates in normal synaptic transmission, as well as in long-term potentiation and long-term depression, i.e. in the basic phenomena involved in learning and memory, and in neuronal maturation and synaptogenesis. By contrast, glutamate excitotoxicity, i.e. the CNS damage induced by excessive glutamatergic signaling, has been linked to chronic neurodegenerative disorders including *Address correspondence to this author at the Department of Neuroscience and Biomedical Technologies, University of Milano-Bicocca, Via Cadore 48, 20900 Monza (MB), Italy; Tel: +39 02 6448 8116; Fax: +39 02 6448 8250; E-mail: paola.marmiroli@unimib.it amyotrophic lateral sclerosis (ALS), multiple sclerosis, Parkinson's disease as well as in ischemia and traumatic brain injury. Moreover, indirect evidence of a possible role of glutamate in peripheral neuropathies of different origin has been recently provided [4] [5] [6] . Since glutamate is unable to cross the blood-brain barrier [7] , it is established that in order to exert its effects it must be directly produced in the CNS. The synthesis of glutamate is primarily achieved from glucose and -ketoglutarate, with a smaller amount created from glutamine. 
VESICLE GLUTAMATE TRANSPORTERS
Glial cells synthesize glutamine, which is then transported to neurons and converted in glutamate by the activity of glutaminase. Once synthesized, glutamate is stored in neurons into secretory vesicles by the vesicular glutamate transporters (VGLUTs). Once stimulated, these vesicles are able to merge with the cellular membrane thus allowing the neurotransmitter release into the synaptic space. Three subtypes of transporters (VGLUT 1, 2 and 3) have been identified and they share more than 70% homology [8] . VGLUTs are thought to consist of 8-10 putative transmembrane domains and they transport glutamate with an affinity that is 100-to 1000-fold lower than that of the excitatory amino acid transporters (EAATs, see below).
The VGLUT uptake system depends on the proton electrochemical gradient generated by the vesicular proton ATPase. VGLUT activity is also dependent on chloride ion availability; low ion concentrations activate uptake while high concentrations are inhibitory. The VGLUT subtypes are expressed differentially throughout the adult brain. VGLUTs 1 and 2 have a complementary distribution and are expressed in the terminals of all glutamatergic synapses. VGLUT1 is more abundant in cerebral cortex, cerebellar cortex and hippocampus, while VGLUT2 is predominant in diencephalon and rhombencephalon [9, 10] . VGLUT3 is expressed in the striatum, hippocampus and cortex and it has an axonal as well as somatic and dendritic subcellular distribution [8] .
Besides VGLUT, sialin, a highly expressed vesicular transporter classically considered to be involved in aspartate storage, has also been demonstrated to be able to transport glutamate [11] .
GLUTAMATE RECEPTORS
Glutamatergic neurotransmission occurs through specific receptors, subdivided into two classes: ionotropic receptors, which act as ion channels, and metabotropic receptors, which are linked to intracellular second messenger systems [12] .
Ionotropic Glutamate Receptors
Ionotropic glutamate receptors are further subdivided in three subclasses on the basis of their pharmacologic affinities to synthetic ligands: the NMDA receptors (NMDAR), the a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPAR), and the kainate receptors (KR) (Fig. 2) . All these receptors are composed of four subunits and variation in their expression may induce different response properties. It has been estimated that approximately 70% of the synapses in the mammalian brain contain NMDAR or AMPAR [13] , with a higher density in the cerebral cortex, hippocampus, amygdala, striatum and septum.
The NMDAR is the glutamate receptor most extensively studied so far. Calcium influx through NMDAR ion channels activates intracellular kinases and phosphatases, thereby altering the characteristics of the synapse and giving the basis for neuronal transmission. The NMDAR channel is a heterotetramer generally composed of two NR1 subunits and two NR2 subunits (although it can be composed by combination of three possible subunits, NR1-3) [14] . When activated, the NMDAR allows the influx of different cations, but the ion relevant to CNS physiology and pathology is calcium. The NMDAR exhibits a complex gating mechanism, requiring not only glutamate binding, but also cofactors binding and cellular depolarization. Among the binding cofactors, an important role is played by glycine [15] and, possibly, by polyamines (e.g spermine) either directly [16] or through a glycine-mediated effect [17] . Regarding the role of membrane depolarization, Mayer et al. [18] showed that depolarization of the NMDAR-expressing neuron is necessary to allow electrostatical removal of a magnesium ion normally blocking current entry at the level of the NMDAR channel pore. At least under physiological conditions, magnesium is removed by the activation of AMPAR and KR or by back propagating action potentials [19] [20] [21] . While the NR1 subunits form the ion channel proper, NR2 subunits have more of a regulatory role in NMDAR function and their subtypes are differentially expressed in the various CNS areas: NR2A are widely distributed in the brain, while NR2B are expressed primarily in the forebrain, NR2C in the cerebellum and NR2D in the thalamus [22] . Besides their role in the regulation of the NMDAR activity, it has been suggested that NR2 may contribute to the formation of specialized postsynaptic microenvironments through link to postsynaptic proteins [23] . The NR3 subunit has also been identified: the NR3A isoform is widely expressed in the CNS, while the NR3B isoform is expressed primarily in motor neurons [24] . Their role and activity in the glutamatergic signaling is still unclear.
AMPAR have a lower affinity for glutamate than NMDAR and they are weakly permeable to external calcium ions [25] [26] [27] [28] . They are responsible for an initial excitatory potential when the neurotransmitter is present in the synapse. As previously mentioned, this change in membrane polarization is crucial to NMDAR activity, since it allows the removal of a magnesium ion from the channel in the NMDAR thus making calcium transit through the channel possible. The AMPAR (as well as the KR) belong to the same superfamily as the NMDAR and they share approximately 25% homology. AMPAR are composed of a combination of four subunits (GluR1-4). Contrary to the NMDAR, they require only glutamate binding for activation. The specificity of cation influx of AMPAR depends on their subunit composition. In fact, while GluR1, GluR3 and GluR4 display inwardly rectifying current-voltage and calcium permeability, the GluR2 subunit removes calcium permeability [27, 29, 30] . The demonstration that AMPAR-negative NMDAR-positive synapses occur in the CNS was achieved [31, 32] , and it was also demonstrated that their proportion tend to decrease during CNS development and maturation [33, 34] .
Although their knowledge is more limited in comparison to the results achieved in the characterization, localization and understanding of the role of NMDAR and AMPAR, the most recent studies agree that the properties of KR are similar to AMPAR and that they also allow ion flux simply through a mechanism mediated by glutamate binding. Contrarily to AMPAR, that are localized mostly in the postsynaptic membrane, it has been shown that KR may be localized also pre-synaptically [35, 36] , where they reduce the magnesium block in NMDAR. KR are composed of subunits from GluR5-7 (also known as GluK5-7) and KA1-2 (also known as GluK1-2). The number of synapses carrying KR is remarkably low if compared with those expressing NMDAR and AMPAR in the CNS, although they can be detected ubiquitously [37] [38] [39] .
A fourth orphan family of delta receptors (GluR 1 and GluR 2) have also been described, although their role is unclear [40] . GluR 1 and GluR 2 share 56% amino acid identity but only 17 to 28% identity with other ionotropic glutamate receptors and they are not activated by AMPA, kainate, NMDA or glutamate when expressed alone or in combination with other subunits in heterologous expression systems [41] . They have been identified only in Purkinje cells of the cerebellum and they seem to act as an AMPA-like receptor.
Metabotropic Receptors
Metabotropic glutamate receptors (mGluR) are structurally different from ionotropic NMDAR, AMPAR and KR, consisting of a single polypeptide with seven transmembrane domains [42] . Eight mGluR have been identified so far and they have been classified in three groups (groups I, II and III, respectively, Table 1 ) based on the intracellular cascades that they are coupled with, sequence homology and pharmacology.
It was previously assumed that all the mGluR use G-proteins as a transduction molecule, but recent studies evidenced that also Gprotein-independent signaling can occur [43] . Group I mGluR include mGluR1 and mGluR5 and their activation is linked through G-proteins to the activation of phospholipase C and subsequent inositol triphosphate production and intracellular calcium mobilization [44, 45] . Immunoreactivity for mGlu1 has been extensively found in the CNS, being most intense in Purkinje cells of the cerebellar cortex and in the olfactory bulb, but present also in the neurons of the lateral septum, globus pallidus, most of the thalamic nuclei, substantia nigra and dorsal cochlear nucleus, generally at the postsynaptic level. mGlu 5 is expressed mainly in telencephalic regions, including the cerebral cortex, olfactory bulbs, striatum, nucleus accumbens, lateral septal nucleus and dendritic fields of pyramidal and granule cells of the hippocampus, but also in the cerebellum and brainstem regions as well as in spinal cord ventral horn [46] . In a few studies, mGlu5 immunoreactivity has been reported not only in somatodendritic domains of neurons, but also in axons [47] and in astrocytes [48] . Group I mGluR also modulates excitatory postsynaptic potentials via a different mechanism involving tyrosine kinases in a G-protein-independent fashion in hippocampal synapses [43] . mGluR2 and mGluR3 belong to the Group II and their activation determines a decrease in adenylcyclase signaling, leading to downstream inhibition of voltage-dependent calcium channels [49, 50] . The distribution of mGlu2 is more limited in the CNS than that of mGlu1 and mGlu5 and it is mainly restricted to the Golgi cells in the cerebellar cortex, mitral cells of the accessory olfactory bulb, external part of the anterior olfactory nucleus and some neurons in the entorhinal and parasubicular cortices, although less intense expression has been described in other brain areas not only in the somato-dendritic domains, but also in axons [46] . By contrast mGlu3 is expressed extensively throughout not only in postsynaptic elements, but also in presynaptic elements and glial processes in the cerebral cortex, hippocampus and striatum [51] . Since presynaptic calcium is critical for effective neurotransmission, group II mGluR modulate it via their action on voltage-gated calcium channels. Group III mGluR include four glutamate receptors (mGluR4, mGluR6, mGluR7 and mGluR8) with properties and effects similar to those described for the group II mGluR [50] . mGlu7 is the most extensively distributed among these group III receptors, located in the presynaptic active zone in axon terminals of CNS neurons, while mGlu6 is mainly restricted to the postsynaptic dendritic part of rod bipolar cells in the retina and mGlu4 to the presynaptic active zone of cerebellar granule cells, olfactory bulb, entorhinal cortex, hippocampus, striatum, and brainstem neurons [46] . Also the expression pattern of mGlu8 is more restricted than that of mGlu7 with a demonstrated expression at the presynaptic level in the olfactory bulbs, piriform cortex, entorhinal cortex, and brainstem. Strong expression for mGlu8 has also been noted in a few cells in the deeper layers of the cerebral cortex [46] .
EXCITATORY AMINO ACID TRANSPORTERS
In the instance of the glutamatergic transmission, transport systems is particularly relevant to regulate neurotransmission because glutamate is not metabolized by an extracellular enzyme. In fact, since glutamate is not subsequently degraded, glutamatergic activity if finely regulated through the removal of glutamate from the synapse by EAATs. Through their activity, a small amount of glutamate undergo presynaptic neurons re-uptake, while most is collected into astrocytes [52] . Several membrane transporters have been identified that are capable of regulating the cellular influx/efflux of glutamate, but it is accepted that the majority of its transport in the CNS, particularly as related to excitatory transmission, is mediated by high-affinity, sodium-dependent, EAATs expressed by neurons and glial cells. The majority of synapses in the CNS are in close apposition with glia, and glial EAATs are responsible for the most of glutamate uptake [53, 54] , while neuronal EAATs appear to have more specialized roles [55] . Early indications that glutamate uptake in the CNS was not mediated by a single homogenous system were provided by comparative pharmacological studies [56] and in early 90s three different EAATs were identified in different rodents organs: GLAST [57] , GLT-1 [58] and EAAC1 [59] . Just 2 years later the isolation of the homologous transporters from human brain, which were referred to as EAAT1, 2 and 3, respectively was reported [60] and subsequently EAAT4 and EAAT5 were isolated from the retina [61, 62] . Sequence comparisons among the 5 EAATs indicate that there is about 50-60% homology among the EAATs subtypes [63] . Despite some inconsistency in the reported results, the localization and the distribution within the CNS of the EAATs is sufficiently characterized. EAAT3 and EAAT4 are considered to be neuronal transporters [64] , although they are differently distributed in the brain. EAAT3 is more abundant throughout the forebrain and spinal cord, with the highest expression detectable in the hippocampus, basal ganglia, and cortical structures, while EAAT4, on the other hand, is mainly expressed in the cerebellum Purkinje neurons. EAAT1 and EAAT2 are considered to be glial transporters, and also in this case their relative distribution in the brain is different, with EAAT1 being predominantly restricted to the cerebellum and EAAT2 abundant throughout the CNS. While all the other EAATs are rather widely distributed in the adult brain, EAAT5 expression seems to be limited to the retina, where it is found in neurons and in Muller cells [65] .
GLUTAMATE AND GLIAL CELLS
Although for several years the study of the role and function of glutamate and its receptor and active transport system have been focused on neuronal glutamatergic transmission under physiologic and pathologic conditions in the CNS, evidence is rapidly increasing to support the fact that the knowledge of the bidirectional neuronal-glial cells cross-talk should be enhanced (Fig. 3) .
The issue of astrocytic exocitotic release of neurotransmitters is still raising considerable controversy among neuroscientists [66, 67] , since major questions are only partly answered regarding the capacity of astrocytes to store and release neurotransmitters ("gliotransmitters") as well as the possible release mechanism. Although the criteria for a substance released from neurons to be classified as a neurotransmitter have been defined since the early 70s (although subsequently amended and modified) [68, 69] , similar criteria allowing to characterize a substance such as glutamate as a gliotransmitter have been identified and formalized only more recently [70] [71] [72] . According to these criteria a chemical can be defined as a gliotransmitter if (i) it is synthetized by and/or stored in glial cells, (ii) it has a regulated release triggered by physiological and/or pathological stimuli, (iii) it is able to activate rapid (milliseconds to seconds) responses in neighboring cells; and (iv) it has an established role in pathological and/or physiological processes. It is now strongly suggested that astrocytes (as well as other glial cells) can release gliotransmitters into the extracellular space using several different mechanisms, including channels [73] [74] [75] , transporters [76, 77] or calcium-dependent exocytosis [78] .
The intracellular synthetic machinery required for glutamate production has been demonstrated and characterized in astrocytes, which possess the enzyme pyruvate carboxylase and therefore can synthesize glutamate de novo [79] starting from -ketoglutarate, usually via transamination of another amino acid, such as aspartate [80] . The first evidence for calcium-dependent glutamate release from astrocytes was achieved more than 25 years ago in in vitro systems [78] and subsequently confirmed in different experimental paradigms using chemical as well as physical stimulations [81] [82] [83] [84] .
The majority of intracellular calcium necessary for astrocytes to release glutamate originates from endoplasmic reticulum, although mitochondria can modulate intracellular calcium and affect exocytosis [85] . Once synthetized and properly stored, calciumdependent release of transmitters depends on the presence of exocytotic secretory machinery, and to this aim astrocytes express the proteins of the soluble N-ethyl maleimidesensitive fusion protein attachment protein receptor (SNARE) complex: syntaxin 1, synaptosome-associated protein of 23 kDa (SNAP-23), synaptobrevin 2 (Sb2, also known as vesicle-associated membrane protein 2, VAMP 2) as well as several ancillary proteins to this complex, including synaptotagmin 4 [86] . Proteins utilized for sequestering glutamate into intracytoplasmatic vesicles also have been demonstrated in astrocytes (e.g. the vacuolar type of proton ATPase, V-ATPase) [87] . V-ATPase is critical in the process of glutamate storage into vescicles, since all the three known isoforms of VGLUTs in astrocytes require its activity for their functioning [88] [89] [90] [91] . VGLUTs activity is differential in astrocytes, as demonstrated by selective over-expression studies showing that VGLUT3, but not VGLUT1 or VGLUT2, enhances mechanically induced calcium-dependent glutamate release. Secretory vesicles in astocytes, which are essential morphological elements to demonstrate regulated calciumdependent exocytosis, have been demonstrated by electron microscope immuno-localization studies [92] and they appear as electron lucent vesicles with a diameter in the range 30-100 nm [89, 90] . Electron lucent vesicles with a size of approximately 50 nm have been interpreted as recycling glutamatergic vesicles which capture the extracellular substance after its release [93] . Much larger vesicles, over 1 μm in diameter, form within minutes of repeated stimulation with pharmacological dosages (5-50 mM) of glutamate [94, 95] , but it is still unclear if they are relevant to physiological conditions or if they are a sort of "experimental artifact". Intracellular trafficking of glutamatergic vesicles in astrocytes was also demonstrated [93] , as well as their fusion to the plasma membrane [90] .
Besides the possibility of astrocytes releasing glutamate and influencing neuronal activity, the backward pathway has also been investigated and show that many glial cells have the capacity to respond rapidly to neuronal activity. This peculiar aspect has been studied in relationship with glutamatergic transmission particularly in a distinct class of glial cells, known as NG2 cells representing up to 5-10% of the glial population [96] and present in both the grey and white matter of the SNC, which express ionotropic receptors for glutamate and GABA. In fact, it has been demonstrated that NG2 cells form direct synaptic junctions with axons, which enable transient activation of these receptors. Most of the data available so far rely on neurophysiological assays, demonstrating that these neuron-glia synapses exhibit all the hallmarks of "typical" neuronneuron synapses, i.e. very rapid activation, facilitation and depression, quantized responses, and presynaptic inhibition. It was in 2000 when Bergles and co-workers demonstrated for the first time the existence of functional neuron-glia synapses in the brain [97] . However, the real nature of the cells studied by Bergles and co-workers is still not clearly established, since they considered these postsynaptic glial cells expressing AMPAR as oligodendrocyte precursor cells, while other researchers demonstrated that not all NG2 cells develop into oligodendrocytes but can also generate protoplasmic astrocytes and even neurons [96, 98, 99] . However, at the moment the most accepted interpretation is that NG2 cells represent an individual class of glial cells in the adult CNS [100, 101] .
The functional role of ionotropic receptors on glial cells is still not completely elucidated and the original interpretation is that they are functional to the detection of increased local transmitter levels, either in physiologic (e.g. spillover of transmitter from neuronal synapses) or pathological conditions. Experimental evidence is still rather inconclusive, and the results obtained in astrocytes closely surrounding synapses [102, 103] and in NG2 cells [104, 105] are not easy to be combined in a unifying theory. Moreover, neurophysiological recordings of NG2 cells derived from the hippocampus of experimental animals revealed that AMPAR are subject to transient activation after glutamate stimulation [97, 106, 107] with a receptor-mediated current duration comparable to those produced at neuronal synapses through vesicular fusion. Similar results were obtained also in other areas of the CNS, including cerebellum [108, 109] , cortex [110] , brainstem [111] and corpus callosum [112, 113] . The hypothesis that these events were very close to that attributed to synaptic activity was further supported by several experimental data, since they occur with minimal delay after axonal action potentials, they can be evoked by a single action potential and prevented by the synaptic blocker tetrodotoxin [114] . A more recent study also demonstrated that AMPAR-induced currents can be evoked and maintained with repetitive stimulation [113] , indicating that terminals possess all the machinery necessary to release, recycle and refill vesicles with glutamate. It is now increasingly accepted that synaptic-like signaling is a property of at least some classes of glial cells and that this form of rapid neuronglia communication is widespread in the brain.
Despite the neurophysiological demonstration of the presence of this synaptic-like communication between neurons and glial cells, anatomical studies have not consistently described their features in the mature CNS. It is possible that one of the main reasons for this discrepancy relies on the difficulty in the clear identification of NG2 cells and of their tiny processes in ultrastructural studies [101, 115] . Despite this limitation, ultrastructural evidence of junctions between axons and NG2 cell membranes that exhibit many features of traditional synapses (e.g. alignment and spacing of axonal and NG2 cell membranes over a restricted area, presence of small clear vesicles and mitochondria in the axon near the junction) have been provided [97, 108, 113] and confocal microscopic analysis has shown the accumulation of VGLUT1 adjacent to the processes of NG2 cells in the corpus callosum [113] . The few experimental results available so far suggest that AMPAR receptors are clustered along NG2 cells processes [116] .
CONCLUSIONS
Glutamate is the principal excitatory neurotransmitter in the brain. Knowledge of the glutamatergic synapse features has advanced enormously over the last 10-20 years, primarily based on the use of morphological, electrophysiological, pharmacological and molecular biology techniques to study glutamatergic neurons/glia distribution, glutamate receptors and transporters localization and function not only in the central, but also in the Fig. (4) . Embryonic rat dorsal root ganglia neurons stained with an anti-NMDAR antibody (left) and with a neuronal specific marker (MAPII, center) resulting in the merge image indicating a colocalization of the staining in neuronal cytoplasm.
peripheral nervous system (Fig. 4) . Nevertheless, several aspects still need to be elucidated to fully understand if and how the glutamatergic system can be effectively targeted to treat a wide spectrum of human diseases.
